Regional cerebral blood flow (rCBF) was measured with high resolution brain dedicated single photon emission computer tomography (SPECT) and [SS-Tc]-d,lI-hexamethyl-propylene-
[SS-Tc]-d,lI-hexamethyl-propylene-amineoxime (HMPAO) in 25 patients with probable Alzheimer's disease and in 25 control subjects, selected according to rigorous inclusion and exclusion criteria. The aim was to analyse the topography of rCBF deficits in individual patients. In the group of patients with Alzheimer's disease as a whole, global CBF was reduced, but a factorial analysis of variance did not show disproportionate reduction of rCBF in any brain region. A parametric analysis of the rCBF data in individual patients was carried out with reference to normal values for internal rCBF ratios and to 13 different abnormal rCBF patterns. These theoretical patterns were predefined by showing significant hypoperfusion in at least one, or in any relevant combination of two, three, or four, offour major brain regions (a left and right frontal and a left and right posterior region). All patients with Alzheimer's disease and none of the control subjects had an abnormal rCBF pattern. Eleven of the 13 different patterns were seen in the patients. Frontal changes were seen in 19 that the topography of hypometabolism in the brain is more heterogenous, corresponding with the neuropsychological patterns of impairment."-'5 As function, metabolism, and blood flow of the brain are closely linked, it is assumed that patterns of hypoperfusion correspond closely to patterns of hypometabolism. The discrepancy between previous studies could be partly related to differences in selection of patients and control subjects and to differences in image analysis. In particular, interindividual heterogeneity of rCBF patterns may be overlooked in conventional group comparisons of mean regional CBF values.
The aim of this prospective [99mTc]-d,l-HMPAO high resolution SPECT study was to investigate the topography of cerebral hypoperfusion in patients with a clinical diagnosis of probable Alzheimer's disease selected according to rigorous inclusion and exclusion criteria: our primary goal was to determine the topography of rCBF reduction (the rCBF pattern) in each patient according to the individual rCBF data and normal intervals for internal rCBF ratios, with reference to a number of predefined and simple rCBF patterns. We also aimed to analyse, by a factorial analysis of variance and conventional group comparisons, whether any region(s) had a disproportionate reduction of rCBF in the group of patients as a whole. Our third aim was to examine the relation between the rCBF patterns and the clinical characteristics of the patients, including age of onset, duration of disease, severity of dementia, and cortical atrophy on cranial CT.
Patients and methods

PATIENTS
In a prospective -study on SPECT in dementia, 25 consecutive patients fulfilled the clinical criteria from the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA)'6 for probable Alzheimer's disease. Their median age was 70 (range 53-83) and they were all right handed. Table 1 14 patients with moderate (10 < MMS < 20), and three patients with severe (MMS < 10) dementia. All patients were still able to walk and talk, and none of them had severe psy- 25 minutes, yielding at least 3 x 106 counts per slice. Data acquisition was performed at three different levels to obtain nine contiguous image slices covering the whole brain.22 After reconstruction, the data were normalised to the cerebellum and corrected to adjust for incomplete retention of the tracer by the algorithm described by Lassen et al,2 with a conversion:clearance ratio of 1-5. The cerebellar hemisphere with the highest count rate was used as the reference region, and its count rate was determined by a lower 60% fractile threshold. 22 The procedure for regional analysis of [99mTc]-d,l-HMPAO data was described in detail in a previous publication.22 Briefly, regions of interest were drawn on each slice with reference to predefined standardised templates with bilateral and symmetrical regions of interest. The design of these templates was performed with reference to an anatomical atlas of the brain27 and based on anatomical structures that are easily recognisable on a typical SPECT image.22 Figure 1 shows the presentation of canthomeatal planes and regions of interest in relation to the lateral brain surface. Radiation exposure The estimated total radiation exposure in the SPECT study with two "33Xe inhalation studies and one intravenous 1. variance. This analysis would assess whether any significant differences in F(%) was attributable to region of interest, to group (Alzheimer's disease v control group), or to interaction between these two explanatory factors. A significant effect of group, or region of interest, would indicate that the differences in the means between the two groups, or between the regions of interest, respectively, were greater than expected from the inherent variance of the data. A significant interaction of factors would indicate that there was a disproportionate difference between the groups of F(%) in at least one region of interest. The factorial analysis of variance was also applied to the regional data for side-to-side asymmetry. Secondly, the rCBF data for each patient were analysed with reference to the normal ranges for internal rCBF ratios according to the following criteria: in each of the four regions rCBF was described as reduced if the relevant side-to-side asymmetry or anterior:posterior ratio was significantly abnormal, or if the mean rCBF value (F(%)) was severely reduced. The third criterion was included in order not to overlook regions with a severe focal reduction of blood flow, despite normal internal ratios. For instance, the left frontal region was characterised as having reduced rCBF if (1) the left frontotemporal or frontoparietal ratio was significantly reduced ((Fm/Fm) or (FmjF/F)) reduced by more than 2
SDs from control mean); (2) F(%) was reduced significantly compared with its contralateral counterpart in at least one of the cortical regions of interest in the left frontal cortex (side-to-side asymmetry increased by more than 2 SDs from control mean); or (3) F(%) was reduced by more than 3 SDs from the control mean in at least one of the cortical regions of interest in the left frontal cortex. Equivalent criteria were applied to the right frontal region. Likewise, the left posterior region was characterised as having reduced rCBF if (1) 3) .* In these subregions rCBF was reduced by more than 3 SDs from the control mean, but was not reduced according to either of the two asymmetry criteria. All other regions with rCBF reduction exceeding 3 SDs (not listed) also fulfilled at least one of the two asymmetry criteria for reduced rCBF.
frontal cortex (F2 and F5), the upper frontoparietal regions (Fl and P1), the occipital cortex (OC), and the subcortical regions were relatively spared. Likewise, the two-factor analysis of variance applied to the regional side-to-side asymmetry data (table 2) Thus the factorial analysis of variance gave significant evidence for a diffuse increase of side-to-side asymmetry of rCBF, but there was no significant evidence that any of the regions of interest were more asymmetrical than others in the group of patients with Alzheimer's disease as a whole. Conventional post hoc comparisons of the regional side-toside asymmetry data (table 2) showed significantly increased side-to-side asymmetry of rCBF, however, in the superior and middle frontal cortex (F3 and F4) and in the hippocampus.
The fronto:temporal ratio of rCBF was 0 94 (0 03) in the control group and 0 99 (0 10) in the Alzheimer's disease group (p < 0-05). There was no significant difference in the fronto:parietal ratio of rCBF in the two groups.
INDIVIDUAL PATTERNS OF rCBF MEASURED WITH [99mTc]-d,l-HMPA0
All patients, (but none of the control subjects) had an abnormal rCBF pattern. Table 3 shows how each patient fulfilled the criteria for an abnormal pattern and fig 3 illustrates the resulting abnormal rCBF patterns. A pronounced topographical heterogeneity of rCBF patterns, as regards the number of affected regions, laterality, and anterior-posterior asymmetry, was found (fig 3) . Eleven of the 13 theoretically possible rCBF patterns were seen in the 25 patients. There were seven, four, and 14 patients with rCBF reduction in one, two, or three of the four possible regions in the rCBF patterns, respectively (types I, II, and III patterns in fig 2) .
Eleven (44%) of the 25 patients had bilateral posterior hypoperfusion, which in 10 of them was associated with unilateral frontal hypoperfusion. Twelve (48%) patients had unilateral posterior hypoperfusion, which in seven of them was associated with either unilateral or bilateral frontal hypoperfusion. The remaining two patients had normal posterior rCBF. In total 19 patients (76%) had reduced frontal rCBF and six patients had normal frontal rCBF (fig 3) . Figure 4 TCBF measured with SPECTand 9'*Tc]-dl-HMPAO in three patients with a dinical diagnosis ofprobable Alzheimer's disease. Four slices are shown for each patient. The location ofslice numbers is shown infig 1, and in all slices the left hemisphere is to the left. The colour scale indicates rCBF, given in % relative to the cerebellum, with the red and white colours being the highest values. Top: 64-year-old right handedfemale patient (case 51) with probable Alzheimer's disease. This patient presented with mild dementia (MMS score 21), a pronounced anomia, a slight but significant impairment ofmemory and visuoperception, and mild construction apraxia. A significant reduction ofrCBF was seen in the left temporoparietal cortex only. The side to side asymmetry seen in the frontal cortex by visual inspection ofthe image was not significantly abnormal. Middle: 68-year-old right handed male patient (case 28) with probable (andfamilial) Alzheimer's disease. This patient had moderate dementia (MMS score 12) with severe memory impairment, aphasia, and visual agnosia. A moderate impairment ofconcentration and abstraction was also noted, whereas constructional skills were normal. A significant reduction ofrCBF was seen in the leftfrontal and left temporal cortex, including the hippocampus, and in the right temporal pole (not shown). Bottom: 72-year-old right handedfemale patient (case 19) with probable (andfamilial) Alzheimer's disease. In this patient the diagnosis was later confirmed at necropsy, fouryears after the SPECT study. The patient had moderate dementia (MMS score 15) with severe construction apraxia and memory impairment. A moderate aphasia and visual agnosia was also noted, whereas concentration and abstraction abilities were not impaired. A significant reduction of rCBF was seen in the rightfrontal cortex, the left and right temporal cortex, and in the right parietal and occipital cortex. In many patients (n = 14) an asymmetrical triad-shaped rCBF pattern, defined as a combination of bilateral posterior hypoperfusion and unilateral frontal hypoperfusion (n = 10) or a combination of bilateral frontal and unilateral posterior hypoperfusion (n = 4), was seen (fig 3) . In these patients the mean rCBF reduction was -2-5 (1-3)(deviation from control mean in number of SDs) in the intermediate of the three affected regions, and -1-5 (0 9) in the other two regions (p < 0-001). The cortical subregions that most often had significantly reduced rCBF (table 3) were the hippocampus (reduced rCBF in 13 of the 25 patients) and parts of the frontal, temporal, and parietal association cortexes (F3, F4, F6 , T2, T3, and P3 in fig IB) . The frontal and parietal regions (Fl, F2, P1, and P2), which comprise most of the sensory-motor cortex, were only rarely involved.
In the group of patients with Alzheimer's disease as a whole, global CBF correlated significantly with the total cortical atrophy score on CT (r = -052; p < 0-01), but not with the MMS score, age of onset, or duration of disease.
The number of regions (out of four possible) with reduced rCBF in the simplified rCBF patterns correlated significantly (r = 0-43; p < 0-05) with the duration of disease, but not with the age of onset, the MMS score, or the cortical atrophy score. There was no significant correlation between frontal rCBF and the severity of dementia as measured with the MMS score. There were 19 and six patients with reduced or normal rCBF, respectively, in the frontal region(s) of the rCBF patterns. There was no significant difference in the duration of disease, age of onset, or MMS score between these two subgroups of patients.
Discussion
In the present study a pronounced heterogeneity of rCBF patterns, as measured with SPECT and [99mTc]-d,l-HMPAO, was found in patients with a clinical diagnosis of Alzheimer's disease. All patients had abnormal rCBF patterns with focal hypoperfusion, and frontal changes were seen more often than previously reported.
METHODOLOGICAL CONSIDERATIONS
With the HMPAO technique quantitative measures for rCBF require arterial blood sampling, which is associated with practical difficulties. Semiquantitative estimates of rCBF may be determined by calculating the mean regional count rates relative to a reference region. In the present study, the cerebellum was chosen as the reference region, because there was no difference between control subjects and patients with Alzheimer's disease in absolute cerebellar flow as measured with the '33Xe inhalation method, which gives quantitative data. Despite the diffuse presence of amyloid deposits in the cerebellum of patients with Alzheimer's disease,28 neuropathological studies have found no or only slight atrophy of the cerebellum, even in cases with severe cerebral atrophy. 29 No other SPECT study has found abnormalities in the cerebellum. In one PET study periventricular white matter lesions on CT was associated with raised cerebellar glucose metabolism,30 and in another PET study crossed cerebellar diaschisis was noted.3' Our patients had no periventricular white matter lesions on CT, and crossed cerebellar diaschisis, if present, could not have affected our data as we chose the cerebellar hemisphere with the highest count rate as our region of reference.
Interestingly, the factorial analysis of variance did not provide evidence for any region being disproportionately affected in the group of patients with Alzheimer's disease as a whole. At the same time, the Bonferroni corrected p values for region by region comparisons of rCBF data showed significant hypoperfusion in selected frontal, temporal, and parietal regions of interest. This apparent contradiction could be explained by the pronounced diffuse reduction of rCBF in the patients with Alzheimer's disease, the high interindividual variability of rCBF data within each region in healthy subjects, and a possible heterogeneity of severe focal abnormalities in the Alzheimer's disease group. Thus the results of the group comparisons justified the subsequent analysis of individual rCBF data. 9 32 Perfusion deficits outside the temporoparietal cortex in patients with a clinical diagnosis of early Alzheimer's disease were also described by Holman et al39 in a recent [99mTc]-d,l-HMPAO SPECT study of patients with memory disturbances and cognitive abnormalities who were prospectively followed up for a final clinical diagnosis. Therefore, bilateral posterior hypoperfusion must not be regarded as the only criterion to diagnose Alzheimer's disease.
Only 13 patients had abnormal rCBF in the hippocampus, a region in which neuropathological and neurochemical changes are seen even in the early phase of the disease. Because of the proximity to cranial bone, however, partial volume effect, and the small size of the region compared with the spatial resolution, the determination of rCBF in the hippocampus region was associated with errors.
Although global CBF correlated significantly with the total cortical atrophy score on CT, there was no evidence that 
